Published genome-wide association studies (GWASs) have identified few variants in the known biological pathways involved in lung cancer etiology. To mine the possibly hidden causal single nucleotide polymorphisms (SNPs), we explored all SNPs in the extrinsic apoptosis pathway from our published GWAS dataset for 1154 lung cancer cases and 1137 cancer-free controls. In an initial association analysis of 611 tagSNPs in 41 apoptosis-related genes, we identified only 10 tagSNPs associated with lung cancer risk with a P value <10 22 , including four tagSNPs in DAPK1 and three tagSNPs in TNFSF8. Unlike DAPK1 SNPs, TNFSF8 rs2181033 tagged other four predicted functional but untyped SNPs (rs776576, rs776577, rs31813148 and rs2075533) in the promoter region. Therefore, we further tested binding affinity of these four SNPs by performing the electrophoretic mobility shift assay. We found that only rs2075533T allele modified levels of nuclear proteins bound to DNA, leading to significantly decreased expression of luciferase reporter constructs by 5-to -10-fold in H1299, HeLa and HCT116 cell lines compared with the C allele. We also performed a replication study of the untyped rs2075533 in an independent Texas population but did not confirm the protective effect. We further performed a mini meta-analysis for SNPs of TNFSF8 obtained from other four published lung cancer GWASs with 12 214 cases and 47 721 controls, and we found that only rs3181366 (r 2 5 0.69 with the untyped rs2075533) was associated to lung cancer risk (P 5 0.008). Our findings suggest a possible role of novel TNFSF8 variants in susceptibility to lung cancer.
Introduction
Although smoking is a major risk factor for lung cancer, numerous studies have suggested that genetic variants in genes involved in various biological pathways have an impact on lung cancer susceptibility (1) (2) (3) (4) . Recently, genome-wide association studies (GWASs), as a powerful high-throughput approach to identify common and lowpenetrance risk alleles involved in the etiology of diseases, are a novel approach to identify possible causal genetic variants for lung cancer (5) . Several GWASs have reported some novel loci associated with lung cancer risk, and subsequent studies have supported these new findings (6) (7) (8) (9) . However, these findings are only the tip of the iceberg in the etiology of lung cancer, and the most significant single nucleotide polymorphisms (SNPs) identified in GWAS explain only a small proportion of lung cancer risk.
Why is so much of the heritability unexplained by initial GWAS findings and where is the missing heritability? Many explanations for these questions have been suggested. Genetic variants that are not well covered by available genotyping chips, such as rare genetic variants and structural variants, have been suggested to account for the missing heritability (10, 11) . It means that the missing heritability may hide among markers of low significance (11, 12) . To further mine GWAS data to identify the role of additional novel causal variants in the development of lung cancer, a potential and feasible strategy is to focus on those variants in the known canonical pathways that have been widely suggested to play a critical role in the cancer etiology (13, 14) .
Apoptosis is programmed cell death that is an essential mechanism of maintaining tissue homeostasis in organisms (15) . A deregulation of apoptosis contributes to a wide variety of conditions including cancer (16) . Apoptosis in cells occurs through two major molecular signaling pathways: extrinsic and intrinsic pathways, which play different roles in cancer development. The intrinsic pathway can be triggered by cell stresses mainly through the mitochondria in response to DNA damage and plays a key role in mediating nicotine effects on normal epithelial lung cells (17) . In contrast, the extrinsic pathway is initiated when ligands, such as FAS ligand and tumor necrosis factor (TNF), bind to membrane receptors, such as FAS (also known as APO-1 or CD95) and the TNF receptor, respectively, which induce the cascade of procaspase activation (18) . The extrinsic pathway has been suggested to play a role in the immune response against cancer cells.
Polymorphisms in genes involved in the apoptosis pathway have been extensively studied in the candidate gene or pathway approaches and suggested to contribute to the etiology of lung cancer (19) (20) (21) . However, most of published candidate-gene studies have investigated only a few genes and a few variants in this pathway. Published data from lung cancer GWAS provide a unique opportunity for us to elucidate the impact of variants in the whole genome on lung cancer risk and to re-evaluate the possible impact of common variants in the extrinsic apoptosis pathway on the development of the disease.
We first selected top significant tagSNPs in the extrinsic apoptosis pathway for a replication study, using an independent but similar study population. We then searched for putative functional SNPs in strong linkage disequilibrium (LD) with these identified tagSNPs by bioinformatics approaches and further validated the most promising functional variants by laboratory approaches, including the electrophoretic mobility shift assay (EMSA) and the luciferase reporter assay. Finally, we reassessed associations of the identified SNPs in TNFSF8 in a mini GWAS meta-analysis using the other published GWAS datasets.
Methods and materials

Study populations
The Texas lung cancer GWAS population has been described previously (6) . Briefly, this study included 1154 non-small cell lung cancer patients and 1137 cancer-free controls who were non-Hispanic white ever smokers frequency matched by age (±5 years) and sex. The replication study included an additional 622 lung cancer cases and 632 cancer-free healthy controls that were similarly recruited from MD Anderson Cancer Center and the multispecialty Abbreviations: EMSA, electrophoretic mobility shift assay; GWAS, genomewide association study; IARC, International Agency for Research on Cancer; LD, linkage disequilibrium; PCR, polymerase chain reaction; TNF, tumor necrosis factor.
Ó The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com physician practice, respectively. Demographic characteristics of subjects in the two populations are shown in Table I . All cases in the two study populations were newly diagnosed with histology confirmed and untreated non-small cell lung cancer. All subjects signed a written informed consent before providing a 30-ml blood sample and information about environmental exposure history including tobacco use. The research protocol was approved by the MD Anderson Institutional Review Board.
Genotyping
For the Texas lung cancer GWAS, genotyping procedures of Illumina HumanHap300 v1.1 BeadChips with the genomic DNA and quality control have been described elsewhere (6) . In the replication study, Taqman assays or restriction fragment length polymorphism polymerase chain reaction (PCR) assays (when Taqman probes were not available) were used to validate the most significant SNPs of the apoptosis genes identified in the GWAS discovery dataset.
Gene and SNP selection
In the reanalysis of the Texas lung cancer GWAS data, genes involved in the extrinsic apoptosis pathway were selected based on the following criteria: genes that have been reported to be involved in the extrinsic apoptosis pathway; genes that have been included in the extrinsic apoptosis pathway as described in the cell signaling pathways (http://www.cellsignal.com/pathways/ apoptosis-signaling.jsp) and classified as in the extrinsic apoptosis pathway (22) ; and genes have been covered by the Illumina Human Hap300 v1.1 BeadChips (Illumina, San Diego, CA). This chip contains 317 503-tagging SNPs derived from the International HapMap project phase I data. There were a total of 611 tagSNPs in 41 genes in the extrinsic apoptosis pathway available from the GWAS database. The assignation of a tagSNPs to a gene was defined by Illumina annotation file 'HumanHap317K_annotation.txt', which annotates all tagSNPs to their closest gene regardless how far a tagSNP is away from the gene. Three tagging SNPs (rs10124291, rs3128477 and rs7046290) in DAPK1 and one tagging SNP rs2181033 in TNFSF8 were also genotyped in the replication study.
Functional SNP searching
To search for putative functional SNPs in high LD with the tagging SNPs, we used SNPinfo (23) (http://snpinfo.niehs.nih.gov/snpfunc.htm) to identify any putative functional SNPs with r 2 of 0.7 or higher, based on the HapMap phase II data in CEU (Utah residents with Northern and Western European ancestry from the CEPH collection) population. For any putative functional findings, we further examined their function by using the relevant bioinformatics software or databases. For example, for SNPs that were predicted to affect transcription factor-binding sites in the promoter region, we further evaluated their effects on the transcription factor binding in TFSEARCH (24) (http://molsun1.cbrc .aist.go.jp/research/db/TFSEARCH.html). For SNPs that were predicted to affect a microRNA-binding site in the 3# untranslated region, we then evaluated their function in microRNA databases miRanda (http://www.microrna.org) and miRBase (http://www.mirbase.org). To obtain more confident prediction, only those SNPs that were identified to be functional in two or more bioinformatics softwares or databases were further validated by the laboratory functional assays.
Electrophoretic mobility shift assay Lung cancer cell line H1299 nuclear extracts were prepared according to the method of Andrews and Faller (25) . Complementary single-stranded oligonucleotides for four SNPs of TNFSF8 (rs726656, 5#-GATAGAGACACGGAG-CACAGTTGAGAAGAG-3# for the C allele and 5#-GATAGAGACACGG AGTACAGTTGAGAAGAG-3# for the T allele; rs726657, 5#-TTGAAGGT-CAACCCTACATATATGACCAGC-3# for the A allele and 5#-TTGAAGGT-CAACCCTGCATATATGACCAGC-3# for the G allele; rs3181348, 5#-GATTAACATTTTAAACGGTATTTTGAAATG-3# for the C allele and 5#-GATTAACATTTTAAATGGTATTTTGAAATG-3# for the T allele; rs2075533, 5#-TCAATTATAGTAGTCACATACACACACAACACAT-3# for the C allele and 5#-TCAATTATAGTAGTCATATACACACACAACACAT-3# for the T allele) were biotin labeled using the 3#-end biotin labeling kit (Thermo Scientific, Rockford, IL) and reannealed before performing the DNA-binding assays using the LightShift Chemiluminescent EMSA kit (Thermo Scientific, Rockford, IL). The binding of DNA and protein was performed by incubation of 10 lg of nuclear extracts with 3# biotin-labeled double strand oligonucleotides at room temperature for 30 min using the LightShift Chemiluminescent EMSA kit (Thermo Scientific). The DNA-protein complexes were separated on 6% polyacrylamide gel, and the products were detected by stabilized streptavidinhorseradish peroxidase conjugate (Thermo Scientific). The competition assays were performed with 50-fold excess of unlabeled wild-type and mutant oligonucleotides,respectively.
Construction of luciferase reporter plasmids
Since SNP rs2075533C.T was suggested to be the most effective variant in the promoter of TNFSF8 in EMSA, we further tested its effect on the promoter activity of the gene by the luciferase assay. PCR fragments containing either C or T allele of SNP rs2075533 were amplified from genomic DNA isolated from homozygous C or homozygous T carriers using the following primers: forward primer 5#-AAGGTACCGGAGGTGGAAGTGGAATGAA-3#, reverse primer 5#-AAGCTAGCTGCCTGGTGGAGAAACTCTT-3#. PCRs were carried out as follows: the initial denaturation at 95°C for 5 min was followed by 35 cycles of denaturing at 95°C for 30 s, annealing at 59°C for 45 s and extension at 72°C for 1 min. The PCR products were then cloned into the pGL3-Basic vector (Promega, Madison, WI) between KpnI and NheI sites. The sequences of the cloned PCR fragments containing the expected C or T allele of rs2075533 were verified by direct sequencing.
Transient transfection and luciferase assays
Cancer cell lines H1299 (non-small cell lung cancer), HeLa (cervical cancer) and HCT116 (colon cancer) were placed on 24-well plates at 1.0 Â 10 5 cells per well with Â1 RPMI 1640 or Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and allowed to grow for 1 day prior to transfection (50-70% confluence). Transfection experiments were performed using FuGENE HD (Invitrogen, Carlsbad, CA). For each well, 100 ll transfection mixture was made by mixing 95 ll serum-free medium, 6 ll FuGENE HD, 1 lg of pGL-3 constructs (containing C or T allele) and 20 ng of renilla vector (pRLTK, Promega). The resulting mixtures were incubated for 5 min at room temperature prior to their addition to cells. Each transfection was performed in triplicates. After 48 h, cell lysates were made using the passive lysis buffer provided in the Dual Luciferase Kit (Promega), and firefly luciferase and Renilla luciferase activities were measured in the reporter microplate luminometer (Turner Designs, Sunnyvale, CA) using 10 ll of lysate, 100 ll of the luciferase assay reagent II (Promega) and 100 ll stop and glo reagent (Promega).
Statistical analysis
Differences in the distributions of demographic variables and the known risk factors between lung cancer patients and controls were assessed by the v 2 test. The associations between genotypes of each tagSNP and lung cancer risk were primarily evaluated using the allelic test in PLINK1.07 (26) . The 
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Hardy-Weinberg equilibrium for each tagSNP was tested in controls using the v 2 test with one degree of freedom. LD patterns among tagSNPs were estimated by Haploview (27) . The multivariable logistic regression method was used to assess the associations between genotypes of tagSNPs and lung cancer risk in codominant, additive, dominant and recessive models. Odds ratios and 95% confidence intervals were estimated with adjustment for the known risk factors for lung cancer, such as age, sex, smoking status and packyears. For the luciferase assay, the relative light units were calculated using the firefly luciferse activity divided by the Renilla luciferase activity for each sample, setting the reporter gene activity of construct with the C allele as the baseline. Significant differences between groups were determined by Student's t test. For the mini meta-analysis, we evaluated the top five significant tagSNPs (rs2181033, rs1322058, rs3181366, rs3181348 and rs2295800) of TNFSF8 available in the Texas lung cancer GWAS as well as from other lung cancer GWASs published by deCODE (28) , National Cancer Institute (29) , International Agency for Research on Cancer (IARC) (8) and UK (7) . We assessed the between-study heterogeneity by using the Cochran's Q-test with P , 0.05 as the significance level. We performed initial analyses with a fixed effect model and confirmatory analyses with a random effect model, if there was significant heterogeneity between studies. Unless specified otherwise, all other statistical analyses were performed using SAS 9.1.3 (SAS Institute Inc, Cary, NC) and STATA 10.0 (for the meta-analysis), and all statistical tests were two sided, with a P , 0.05 set as the level of statistical significance. For controlling the effect of multiple tests, P values were adjusted by Bonfferoni correction.
Results
The characteristics of the Texas GWAS discovery dataset and the replication dataset are presented in supplementary Table S1 , available at Carcinogenesis Online. In general, the two study populations were similar in terms of the distributions of the subgroups by age, sex, smoking status, pack-years smoked except that the fraction of adenocarcinoma was higher in the GWAS dataset.
Association between genetic variation in the extrinsic apoptosis pathway and lung cancer risk The associations between alleles and genotypes of the selected variants in the extrinsic apoptosis pathway and lung cancer risk are shown in Figure 1 (the Manhattan plot) and supplementary Table S2 , available at Carcinogenesis Online. Of these, 10 SNPs in five genes (i.e. PAPK1, TNFSF78, TNFSF8, TNFSF10A and TNFSF11B) were associated with risk of lung cancer at P , 0.01 level in allelic tests (Table I) , in which the most significant SNPs were located in two genes (i.e. DAPK1 and TNFSF8) on chromosome 9. The top significant hit was rs10124291, which is in the DAPK1 (MIM# 600831) gene region, and the second most significant SNP was rs2181033, which is in the 5# flanking region of TNFSF8 (MIM# 603875). Further evaluation of associations between genetic variants in these two genes and lung cancer risk is shown in Figure 2A and 2B. There were 92 tagSNPs around the DAPK1 gene that covered the region between 89175300 and 89347200 bp on chromosome 9, of which only four tagSNPs (rs10124291, rs7046290, rs3128477 and rs721936) had a P value ,0.01. In contrast, fewer variants (18 tagSNPs) were around TNFSF8, covering the region between 116 660 000 and 116 780 000 bp on chromosome 9, of which only three SNPs (rs2181033, rs1322058 and rs3181366) had a P value ,0.01. Further LD analyses among these selected SNPs suggested that two SNPs (rs3128477 and rs721936 in DAPK1) and all three SNPs (rs2181033, rs1322058 and rs3181366) in TNFSF8 were in high LD (r 2 . 0.8; supplementary Figure S1 is available at Carcinogenesis Online). As a result, we genotyped three tagSNPs (rs10124291, rs7046290 and rs3128477) in DAPK1 and one tagSNP rs2181033 in TNFSF8 in the replication study.
Replication study
The genotype distribution of four tagSNPs in GWAS, replication and pooled datasets are summarized in Table II . The genotype distribution Fig. 1 . Association between genetic variants in the extrinsic apoptosis pathway and lung cancer risk based on the data from the Texas lung cancer GWAS.
A novel TNFSF8 variant (rs2075533 C.T) and lung cancer risk Fig. 2 . Association between genetic variants of DAPK1 and TNFSF8 and lung cancer risk based on the data from the Texas lung cancer GWAS. (A) A total of 92 SNPs were assigned to DAPK1, which covered the gene region between 89 175 300 and 89 347 200 bp on chromosome 9. Only four SNPs had a P value ,0.01 and two SNPs rs3128477 and rs721936 were in high LD (r 2 5 0.99). LD patterns among these SNPs were inferred in the control subjects by Haploview. (B) A total of 18 SNPs were assigned to TNFSF8, which covered the gene region between 116 660 000 and 116 780 000 bp on chromosome 9. Only three SNPs had a P value ,0.01 and three SNPs were in high LD to each other (r 2 . 0.8). LD patterns among these SNPs were inferred in the control subjects by Haploview.
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for most of the tagSNPs in controls of GWAS, replication and pooled datasets were consistent with Hardy-Weinberg equilibrium, except that the genotypes of rs2181033 had a slight deviation from Hardy-Weinberg equilibrium in the replication dataset (P 5 0.023). Association analysis showed that there were no overall significant associations between the four tagSNPs with lung cancer risk in the replication population. The replication dataset also suggested that the rs2181033 seemed to be a protective variant for lung cancer, which was similar to the finding in the GWAS data. Overall, there was an association between rs2181033 and lung cancer risk in the pooled dataset, which did not change even after Bonfferoni correction (P for homozygote variant group was 0.008).
Searching for functional SNPs
To search all possible functional SNPs in strong LD with the significant tagSNPs, SNPs with r 2 of 0.7 or higher based on the HapMap phase II CEU population data were evaluated in SNPinfo (23) . No putative functional SNP was found to be in high LD with the three top tagSNPs in DAPK1 (supplementary Table S2 , available at Carcinogenesis Online). However, four SNPs in the 5# flanking region and five SNPs in the 3# untranslated region of TNFSF8 were predicted to be functional SNPs and were in high LD with rs2181033 (Table III) . For the four SNPs (rs776576, rs776577, rs3181348 and rs2075533) that were predicted to affect putative transcription factor-binding sites in the promoter region of TNFSF8, we further evaluated their functions by TFSEARCH (24) . All of four SNPs were predicted to modify the binding efficiency of possible transcription factors. For five SNPs that were at putative microRNA-binding sites in the 3# untranslated region, we further examined their function in microRNA databases, miRanda (http://www.microrna.org/) and miRBase (http://www.mirbase.org/). Only one SNP rs3181370 G.A was identified to be located at the microRNA hsa-miR-549-binding site in two databases, but further examination suggested that this SNP did not strikingly change the binding efficiency of hsa-miR-549 (data not shown). Taken together, we selected four SNPs in the promoter region of TNFSF8 for functional assay.
Function assay for SNP in the promoter region of TNFSF8 First, we examined whether the four SNPs (rs776576, rs776577, rs3181348 and rs2075533) could change the binding patterns of transcriptional factors by EMSA. As shown in Figure 3A , nuclear proteins prepared from H1299 cells were able to bind to both the oligo probes containing wild-type and variant alleles of these SNPs ( Figure 3A , lanes 2 and 6, 10 and 14, 18 and 22 and 26 and 30). Competition assays further showed that the addition of unlabeled probes with the wild-type or variant allele to the reaction mixture completely eliminated these DNA-protein complexes, indicating that the binding was sequence specific ( Figure 3A , lanes 3, 4 and lanes 7, 8 for rs776576; lanes 11, 12 and 15, 16 for rs776577; lanes 19, 20 and 23, 24 for rs3181348; lanes 27, 28 and 31, 32 for rs2075533). Among these SNPs, however, only rs2075533 showed an allele-specific difference in the DNA-protein-binding pattern ( Figure 3A , lane 26 versus lane 30).
To test the effect of rs2075533 on the promoter activity of the TNFSF8 gene, we cloned $1.0 kb of the promoter sequence from individuals homozygous for the C or T allele into the pGL3 vector ( Figure 3B ). The promoter activities were determined in H1299, HeLa and HCT116 cell lines. As shown in Figure 3C , the transcriptional activities of the TNFSF8 promoter fragments with the T allele of this SNP significantly decreased expression levels of the luciferase reporter constructs by 5-to 10-folds, compared with the C allele A novel TNFSF8 variant (rs2075533 C.T) and lung cancer risk (P , 0.001). Since the T allele of SNP rs2075533 putatively disrupts the transcript factor activator protein 1 binding site at the promoter region of TNFSF8, the decreased promoter activity of TNFSF8 is likely attributable to the disruption of an the activator protein 1 binding site by the SNP.
Associations between SNPs in TNFSF8 and lung cancer risk
We further assessed the association between rs2075533 and lung cancer risk in the Texas replication population. Although analyses in all models suggested that the T allele of rs207553 may be associated with a decrease in lung cancer risk, the result did not reach the significance level (supplementary Table S4 is available at Carcinogenesis Online). We further selected the five top significant tagSNPs (rs2181033, rs1322058, rs3181366, rs2295800 and rs3181348) of TNFSF8 identified in the Texas Lung cancer GWAS and assessed their associations with lung cancer risk in a mini GWAS meta-analysis using data from deCODE, National Cancer Institute, UK and IARC lung cancer GWASs. The characteristics of National Cancer Institute, deCODE, UK and IARC lung cancer GWAS are shown in supplementary Table  S5 , available at Carcinogenesis Online. There were a total of 12 214 cases and 47 721 controls in the combined dataset. The Q-test showed that there was no significant heterogeneity between studies (all Q-test P values were .0.05) based on a dominant genetic model.
When the fixed effect model was used, the most significant SNP was rs3181366 (P 5 0.008), which is in high LD with rs2181033 (r 2 5 0.846 in CEU) and rs2075533 (r 2 5 0.694 in CEU) (supplementary Figure S1 is available at Carcinogenesis Online). The results for rs3181366 did not include data from the IARC and UK GWASs because genotypes of this SNP were not available in these two datasets. P values for other tagSNPs were .0.05 in the combined populations of the four GWASs (Figure 4) . Conversely, the heterogeneity was observed among studies (the Q-tests P value was ,0.05 or close to 0.05) based on a recessive model, and all tagSNPs were not associated with lung cancer risk by the random effects model (Data not shown). We also tested the associations between TNFSF8 SNPs in current smokers and ever smokers in the Texas lung cancer GWAS dataset and the Texas replication population (supplementary Table S6 is available at Carcinogenesis Online), and no difference was observed between two subgroups. Further analyses by different histology subgroups showed that the associations of SNPs in TNFSF8 with lung cancer risk seemed to be stronger in adenocarcinoma than that in other two histology groups (supplementary Table S7 is available at Carcinogenesis Online), which was not observed in the Texas replication population (supplementary Tables S6 and S7 are available at Carcinogenesis Online.). We were not able to validate this finding in other four lung cancer GWASs for lack of the needed information. 
Discussion
In this study, we analyzed the associations between genetic variants in the extrinsic apoptosis pathway and lung cancer risk, using the existing genotyping data from the Texas lung cancer GWAS. We found that SNP rs2181033 in the TNFSF8 promoter region was associated with lung cancer risk, and the replication study also indicated its potential protective role in the development of lung cancer. By bioinformatics approaches, we found that the untyped SNP rs2075533 located in the promoter region of TNFSF8 was in high LD with SNP rs2181033, which may be the most informative functional variant as evidenced by the luciferase reporter and EMSA assays. Further mini meta-analysis using genotyping data obtained from other four published lung cancer GWASs with 7653 cases and 42 242 controls identified a significant TNFSF8 SNP rs3181366 that is in LD with the untyped rs2075533. TNFSF8, also known as CD30L or CD153, is the only known ligand for CD30 and a member of the TNF superfamily. It has a highly similar protein structure to that of TNFa, TNFb, CD40 ligand and FAS ligand. In non-pathologic conditions, TNFSF8 is mainly expressed in T cells, B cells, neutrophils, mast cells, monocytes and macrophages. TNFSF8 has been also found to be expressed and upregulated in some tumor cells such as mast cells and basal cell carcinoma (30) . TNFSF8 binds exclusively to CD30 and activates CD30 receptor by the member of the tumor necrosis factor receptor-associated factor family (31) . Activated CD30 then engages the MAP kinase in the nuclear factorkappaB pathway and involves cell differentiation, apoptosis and immune response (32) . This interaction between CD30 and TNFSF8 suggests that they may have different roles. For example, thymocytes of transgenic mice overexpressing CD30 had normal survival and responses to apoptotic stimuli in the absence of CD30 ligation, but when TNFSF8 was presented, overexpression of CD30 resulted in an increase in thymocyte apoptosis (33) .It has been suggested that CD30 function depends upon the availability of TNFSF8. Although ligandindependent CD30 expression was found in several cell lines (34), TNFSF8 has been still viewed as a main regulator for the function of CD30 (35) . Until now, there are very few studies that have investigated CD30/TNFSF8 and risk of lung cancer. However, recent evidence indicated that CD30-deficient mice delayed recruitment of lymphocytes into the lungs and that CD30/TNFSF8 interactions were involved in lung immune-mediated inflammation (36), whereas lung inflammation was significantly diminished in CD30-deficient mice (37) . Such evidence suggests that CD30/TNFSF8 may play a role in the development of lung cancer by inducing apoptosis in immune cells in lung tissue. Our study showed that the functional SNP rs2075533, which led to low expression of TNFSF8, was associated with decreased risk of lung cancer.
TNFSF8 is located at 9q33 extending 27.65 kb, including four exons and three introns (38) . There are 199 SNPs that have been reported in the gene region (dbSNP database), of which only one SNP in intron 3 of TNFSF8 was recently reported to be associated with bone diseases in myeloma, but it was still short of functional evidence for such an association (39) . Our study suggests that SNP rs2075533 located in the promoter region of TNFSF8 had a striking effect on the promoter activity, and this SNP was in strong LD with SNP rs2181033 that was associated with lung cancer risk as identified in the Texas lung cancer GWAS.
Taken all data together, the present study further indicates a novel role of TNFSF8 in the development of lung cancer. However, there were some limitations in our study. First, we did not observe a significant association in the replication population, although the association observed was in the right direction. Second, we observed only a weak association in the pooled GWAS populations. Ideally, replication of GWAS findings is reassuring. However, whether the replication is sufficient or necessary as a gold standard for true causal A novel TNFSF8 variant (rs2075533 C.T) and lung cancer risk variants in association studies is still questionable (40) . In fact, positive findings in a GWAS have been difficult to replicate in other GWASs or follow-up studies due to the modest effects of genetic variants on disease risk (41) . The meta-analysis in our study also suggests that it is difficult, if not impossible, to validate the positive finding in the original Texas GWAS, when study populations were different. For example, although all subjects in IARC GWAS were Caucasians, they were Central Europeans who may have a different exposure pattern than US participants [most of the cases had occupational exposures (42)]. As an alternative, the supportive evidence from functional assays might be as or more relevant than replication for finding a true causal variant (43) . Second, although we had evidence that rs2075533 probably contributed to the observed association, our study did not confirm whether there were any other functional variants in strong LD with the causal ones or the combined risk alleles or genotypes on lung cancer risk, possibly due to small sample size of our replication study. Third, SNP coverage of Illumina HumanHap300 v1.1 BeadChips is relatively low for tagSNPs that were selected based on the HapMap phase I data. So, the potential causal variants around this region may be missed in our study. A higher density array or sequencing data are needed to search for possible causal variants in this region. In summary, to search potential hidden causal genetic variants in the Texas GWAS study, we initially identified the significant rs2181033 in the discovery dataset. By additional bioinformatics approaches and functional assays, we identified the SNP rs2075533, located in the promoter region of TNFSF8, which had a striking effect on the promoter activity of TNFSF8. Rs2075533 in turn is in LD with rs3181366, a significant SNP identified in the mini meta-analysis of published lung cancer GWASs. Our findings indicated a possible novel role of TNFSF8 in the etiology of lung cancer. More functional studies are needed to explore possible mechanisms of how polymorphisms in TNFSF8 may contribute to lung cancer risk. Our study also supports the notion that the missing heritability may hide in the low significant hits in GWAS.
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